Abstract Modern laryngeal framework surgery (LFS) requires an exact understanding of the laryngeal biomechanics and precise pre-operative planning, for which biplanar imaging is not suYcient. The aim of the study was to test whether MIMICS®, a commercially available software package for three-dimensional (3D) rendering of high-resolution computerised tomography (HRCT), is suitable for 3D imaging of the larynx, analysis of laryngeal biomechanics and pre-operative planning. We examined four cadaver larynx and one patient larynx. In the Wve larynges, all relevant structures and landmarks could be 3D visualised.
Introduction
Modern laryngeal framework surgery (LFS) aims at vocal fold medialisation (in cases of vocal fold palsy), thyroid expansion (for the treatment of spastic dysphonia), vocal fold relaxation (in cases of incomplete mutation) or vocal fold tensioning (after sex change procedures) [1] . Much more so than ablative surgery (be it for cancer resection or removal of benign vocal fold lesions), LFS requires an exact understanding of the laryngeal biomechanics as well as anatomically precise planning of the intervention [2] . Routine pre-operative workup in these cases usually includes imaging by high-resolution computerised tomography (HRCT) and/or magnetic resonance tomography (MRT) [3] . However, we consider the standard, bi-planar imaging insuYcient in the context of LFS, since only three-dimensional imaging is able to depict the precise anatomy of the laryngeal cartilages, both at rest and in diVerent positions (e.g. respiration, phonation) [4] . So, what we are looking for is software, which is robust and suYciently fast to be useful for research purposes as well as for clinical work, and which, to avoid repeat radiological examinations, is able to handle already existing imaging data. These data should preferably be HRCT data, since HRCT is more readily available and better suited to the examination of cartilage (and less expensive) than MRT. So far, we have not been aware of any 3D imaging software in clinical use that fulWls these criteria. MIMICS ® Version 12.0 (Materialise™ Interactive Medical Image Control System, Leuven, Belgium) is an interactive software package, which is used in reconstructive maxillofacial surgery and in heart surgery for precise pre-operative planning [5, 6] .
The purpose of this pilot study was to answer the following three questions: (1) Is MIMICS ® suitable (with regard to image quality, software robustness and time consumption) for 3D imaging of both, hard and soft tissues of the larynx? (2) Are 3D images obtained by HRCT and MIM-ICS ® adequate for biomechanical studies of laryngeal function? (3) Are these images adequate and helpful for preoperative planning of LFS?
In a Wrst step, we examined four cadaver larynges to answer the question, whether all relevant anatomical structures and landmarks can be three-dimensionally visualised reliably, with suYcient precision and within an acceptable time frame, irrespective of laryngeal calciWcation (i.e. age and sex of the patient).
Two of us (C.S. and G.F.) routinely perform vocal fold medialisation and vocal fold tensioning procedures. Both procedures aVect the movements of the arytenoid cartilages and/or the form of the glottic chink. As mentioned below, there exists no consensus on the subject of the functioning of the cricoarytenoid joint despite all the research that has been done in the past. So, in a second step (again performed on a cadaver larynx), we tried to Wnd out whether it was possible to visualise the movement of the arytenoid cartilages in three dimensions, when they moved from the respiratory to the phonatory position. Moreover, we checked whether it was possible to measure the lengthening of the vocal folds on cricothyroid approximation.
Finally, having answered these questions in the aYrmative, we examined the normal larynx of a patient to make sure that the limitations inherent in a routine clinical exam (e.g. movement artefacts) did not jeopardise the results.
Materials and methods
We examined four cadaver larynges (2 male, 32 and 78 years, and 2 female, 49 and 71 years) and one patient larynx (male, 74 years old with no laryngeal pathology). The study was approved by the medical ethics committees of the University of Basel (Switzerland) and the University of Graz (Austria).
Preparation of the larynges
The fresh cadaver larynges were excised and examined within less than 24 h after death. Inclusion criteria were intact larynx without pathology, no previous laryngeal radiation or surgery and no infectious or rheumatologic disease.
The pre-laryngeal strap muscles, as well as the pharyngeal mucosa of the piriform sinus and the post-cricoid area, were removed. The conical ligament was exposed by removing the fat tissue between the cricothyroid muscles. The trachea was transected below the second cartilage ring.
The larynges were mounted on a custom-made device, which consists of two perforated straight acrylic bars measuring 80 £ 10 £ 5 mm (Fig. 1a) .
To simulate the movement of the arytenoid cartilages in the cricoarytenoid joints, two non-absorbable threads were placed on each side, one mimicking the function of the thyroarytenoid muscle (Fig. 1b, thread 1 ) and the other mimicking the function of the posterior cricoarytenoid muscle (Fig. 2b, thread 2 ). Pulling on thread 1 closed the (2) and 'cricothyroidopexy' (3) membranous part of the glottis by adduction of the arytenoid cartilages, whereas pulling on thread 2 opened the glottis by abducting the arytenoid cartilages. We scanned three distinct positions, which we labelled 'neutral', 'phonatory' and 'respiratory'.
Finally, to simulate cricothyroid approximation, a third thread was placed mimicking the action of the two cricothyroid muscles (Fig. 1c, thread 3) . Pulling on the two ends of this thread, the cricoid and the thyroid cartilage were approximated. We labelled this the 'cricothyroidopexy' position.
HRCT examination
HRCT examination was performed with an Aquilion ONE scanner (Toshiba ® ). The optimal setting was found to be 120 kV and 150 mA. The slice thickness was 1.0 mm. The rotation time was 1 s for cadaver larynges and 0.5 s for the patient's larynx. The radiation dosage for one exam was 1.2 mSv. Of course, this number has to be multiplied by the number of laryngeal positions examined. The HRCT DICOM data were then imported and converted to MIM-ICS ® for post-process imaging.
Post-process imaging MIMICS ® is a general-purpose segmentation programme for grey value images. It oVers an interactive tool for the visualisation, segmentation and 3D rendering of objects with HRCT as well as MRT data. MIMICS ® interfaces with all common scanner formats. In a Wrst step, one can select the interested range of grey values. This can be done automatically by choosing a pre-deWned range (e.g. for cartilage) or manually by setting the range on a scale of grey values. In addition, manual editing functions make it possible to erase or restore parts of the images as well as to Wll internal gaps (Fig. 2) . This is typically used for smoothing surfaces and eliminating artefacts. Whereas three windows on the screen show axial, coronal and frontal planes, the fourth window shows the 3D image. Visualisation functions include real-time rotation (e.g. to obtain front, side, top or any oblique view) and zoom. In addition, part of the larynx can be virtually cut away or made transparent to allow a look inside the larynx (Fig. 3) . Point-topoint measurements on the 3D reconstruction may also be performed. Finally, it is possible to superimpose two (or more) 3D reconstructions by selecting and marking three clearly deWned points (e.g. the thyroid notch, the lower border and the superior horns of the thyroid) on both 3D images.
To answer the question whether all relevant anatomical structures and (surgical) landmarks were visible on the 3D images, we identiWed the superior and inferior horns of the thyroid cartilage, the thyroid notch and laminae, the vocal and muscular processes of the arytenoid cartilages, the accessory cartilages, the epiglottis, the cricoid cartilage, the cricoarytenoid and cricothyroid joints, and the hyoid bone, as well as the thyroid notch, the inferior border and the To depict the movement of the arytenoid cartilages in the cricoarytenoid joint, we overlaid the 3D images of the positions 'phonation' and 'respiration' (Fig. 4) . To measure the lengthening of the vocal fold during cricothyroid approximation, we overlaid the 3D images of the positions 'neutral' and 'cricothyroidopexy' (Fig. 5) .
Finally, by setting the grey range (automatically or manually) for mucosa, it is possible to visualise the mucosal surface, thereby performing a 'virtual endoscopy' (Fig. 6a, b) .
Results

Time necessary for post-processing
Whereas in the research laboratory, time may be of secondary importance, in clinical use it is of paramount importance. The most time-consuming part is segmentation. Depending on how calciWed the larynx is, it takes between 20 and 60 min (average 30 min). Of course, this time has to be multiplied by the number of diVerent positions examined. Overlaying two 3D images takes about 15 min.
Visualisation of the laryngeal cartilages in the cadaver larynges
On all four larynges, all anatomically relevant structures and landmarks could be visualised by MIMICS ® (Fig. 3a) . However, whereas ossiWed cartilages (or parts thereof) were adequately segmented (and hence 3D visualised) using the automatic detection threshold of MIMICS ® , nonossiWed parts of the cartilages could only be segmented adequately by setting the threshold manually.
Visualisation of the movement of the arytenoid cartilages Figure 4 shows that by superimposing the 3D images of the 'respiratory' and 'phonatory' scans, the complex threedimensional movement of the arytenoid cartilages can be visualised. If the arytenoid cartilages move from the respiratory to the phonatory position, the cartilages rotate downward around an axis that runs parallel to the cricoarytenoid joint surface (front view, Fig. 4b ) and inward around an axis vertical to the joint surface (top view, Fig. 4c ). The side view (Fig. 4a) shows an additional antero-lateral sliding of the arytenoids along the joint surface of the cricoid. In sum, moving from the respiratory to the phonatory position, the arytenoid cartilages show a downward and inward rotation plus an antero-lateral sliding movement. The inXuence that this movement has on the conWguration of the glottic chink can be seen in the surface (or virtual endoscopy type) images (Fig. 6a, b) .
Visualisation of the cricothyroid approximation
To analyse the eVect of the cricothyroid approximation on the vocal folds, we superimposed the positions 'neutral' and 'cricothyroidopexy'. Figure 5 shows the right half of a larynx at the two positions. The cricoid plate tilts backwards. Consequently, the arytenoid cartilage, sitting on top of the cricoid plate, moves backwards and thereby elongates the vocal fold. In our larynx, the distance from the anterior commissure (AC) to the vocal process (VP) measured 25 mm in the neutral position, and 27 mm in the 'cricothyroidopexy" position. This corresponds to a vocal fold elongation of 7%.
Visualisation of the laryngeal cartilages in a patient's larynx This is primarily an in vitro study. However, as Fig. 3b demonstrates, data from a patient HRCT are perfectly suitable for 3D imaging by MIMICS ® .
Discussion
The term 'laryngeal framework surgery' (LFS) refers to surgical interventions on the laryngeal cartilages aimed at improving, changing or restoring a patient's voice [1] . LFS requires an exact understanding of the laryngeal biomechanics as well as anatomically precise planning of the intervention. Pre-operative planning is routinely done by bi-planar (CT or MRT) imaging [3, 7] . Since it is very diYcult to mentally form a 3D image of the laryngeal structures, let alone to visualise the movements of the cartilages in three dimensions on the basis of bi-planar scans, we consider bi-planar imaging insuYcient in the context of LFS. What we need are good 3D reconstructions. So far, we are not aware of any software in clinical use for 3D reconstruction of laryngeal structures. However, since maxillofacial surgeons and vascular surgeons are successfully using MIMICS ® for the planning of three-dimensional reconstructions of both, hard and soft tissues [8, 9] , it seems reasonable to test the suitability of MIMICS ® for 3D imaging of the larynx. Since HRCT is the imaging technique commonly used in the context of LFS [4] , we decided to use HRCT data.
Our pilot study on four cadaver larynges and on one patient larynx shows that with the help of MIMICS ® , segmenting and three-dimensional visualisation of all relevant laryngeal structures and landmarks is possible. We believe that apart from Hiramatsu et al. [10] , no one has done this before.
MIMICS ® provides pre-programmed segmentation thresholds for various tissues such as bone, muscle, fat, mucosa or implant materials. Because of the irregular calciWcation [11] [12] [13] [14] [15] and hence inhomogeneity of the laryngeal cartilages, automatic segmentation using pro-programmed thresholds does not work equally well in all larynges. NoncalciWed cartilages (or less calciWed parts of cartilages) can only be segmented by adjusting the threshold manually. Of course, this takes more time than automatic segmenting. Whereas automatic segmenting takes about 20 min for an entire larynx, manual segmenting may take up to 60 min. We think that this is acceptable not only for research purposes, but also in a clinical setting. Moreover, we are conWdent that with more experience, we will be able to manually segment a larynx in considerably less time, and that, once the method is established, segmenting can also be done by technical personnel. On setting the threshold for mucosa (either automatically or manually), we were able to produce 3D images of the mucosal surface, comparable to a virtual endoscopy. Of course, virtual endoscopy of the larynx is less interesting than virtual endoscopy of a less easily endoscopically accessible organ such as the colon. Nevertheless, it allows a correlation of mucosal surface and exact cartilage position. Unfortunately, although MIMICS ® provides pre-set segmentation thresholds for muscles, we could not visualise individual muscles because the tissue densities of muscle and fat on HRCT were too close.
The exact trajectory of the arytenoid cartilages when they move from an extreme respiratory position through an intermediary position to the phonatory position has been the subject of countless studies [4, [16] [17] [18] [19] [20] [21] , and yet it is not completely understood. Similarly, what precisely happens during diVerent types of phonation (e.g. singing, whispering) is not completely understood [22] [23] [24] . So far, imaging techniques have not added to our understanding of endolaryngeal movements [17] [18] [19] [20] . It is our long-term goal to examine these movements in volunteers and patients with diVerent pathologies using 3D imaging. Even if pulling on threads may seem (and indeed is) a primitive way of simulating laryngeal movements, our pilot study shows (1) that the arytenoid cartilages move in all three dimensions (and not just on a plane) and (2) that MIMICS ® does allow us to superimpose two (or more) HRCT scans, thereby visualising the trajectory of the arytenoid cartilages. Again, we believe that this has not been done before.
For pre-operative planning of vocal fold medialisation procedures, optimal visualisation of the arytenoid cartilages, not only in the vocal fold plane, but in space, is very important. Whereas in cases of recurrent nerve palsy, the paralysed vocal fold is straight and slightly lateralised, but on the same plane as the normal vocal fold, in cases of vagal nerve palsy it is excavated, more lateralised and on a slightly deeper plane than the normal vocal fold [25] . Both the excavation and the downward shift are probably due to the reduced tension of the cricothyroid muscle [25] . This diVerence has surgical consequences. Whereas simple vocal fold medialisation is suYcient for the treatment of recurrent nerve palsy, the vocal fold has to be medialised, tensioned, and smoothly pushed upwards in cases of vagal nerve palsy, Of course, these (subtle) diVerences can be 'seen' on laryngoscopy. However, for pre-operative planning, precise imaging allowing us to quantify the necessary amount of displacement is more helpful. We hope that by demonstrating the exact position (in space) of the arytenoid cartilages in diVerent cases of laryngeal palsies, we will be better able to plan medialisation procedures. We also hope to produce a custom-made medialisation implant one day.
Another laryngeal framework procedure that we believe will beneWt from exact pre-operative planning is cricothyroidopexy, performed to raise the pitch of the voice in man-to-female transsexuals. The relationship between the length (and hence tension) of the vocal folds and the pitch of the voice in a given individual is not known. Pre-operatively measuring the amount of lengthening of the vocal fold achievable by maximal cricothyroid adduction and correlating this with the observed pitch will (hopefully) help us better plan the surgery (and to predict the outcome). Previous in vivo measurements of vocal fold length were all performed with conventional X-ray images or bi-planar CT scans [26] [27] [28] [29] [30] [31] . Again, we believe that this is not adequate. Because the vocal fold plane changes with cricoidthyroid approximation, only a three-dimensional image allows precise measuring of the vocal fold elongation. Our pilot study shows that precise measurement of vocal fold elongation achieved with cricothyroidopexy is possible in cadavers. We are conWdent that it will also be possible in patients. Of course, it would be most fascinating to study the voice changes resulting from vocal fold elongation in professional actors or singers with the help of 3D imaging [26] .
We conclude that MIMICS ® , in conjunction with HRCT scans, is well suited for 3D imaging of the larynx. It is helpful both for the analysis of laryngeal biomechanics and for pre-operative planning of LFS procedures. This feasibility study will serve as a basis for further biomechanical studies on cadaver larynges and for the examination of patients with diVerent pathologies.
